This article describes the results of experimental studies into various methods of measuring sludge volume and its 3D spatial distribution using a base of data received from the inspection of more than 30 storage tanks of different types: external floating roof, internal floating roof and fixed roof. The advantages and disadvantages of making measurements with existing methods are discussed, including the problem of accuracy. Numerous examples of tank survey results are presented.
Introduction
The selection of different measurement methods for determining the sludge volume and its distribution depends on many factors. These include technical, operational, type of sludge, proposed cleaning method and many others. The technical factors include the design, size and location of the oil storage tank (see below). Operational factors are typically dictated by the client including tank in or out of service, size and weight of equipment, position of roof (confined space) and so on. Acoustic profiling can measure the spatial distribution of bottom sludge with a high accuracy, but cannot always be used on every type of oil storage tank. We will briefly review the main characteristics of the sludge and the design of the most common oil storage tanks used in refineries.
Types of Sludge
Oil sludge is a stable multicomponent substance consisting of mineral oil, mineral admixtures and water. The cause of the formation of oil sludge is a physicochemical interaction of petroleum or petroleum products with oxygen, moisture and mechanical impurities in a particular environment. In nature there are no identical sludge, they all are very different [1] - [3] . In general sludge can be divided into three main groups: the ground, demersal and reservoir sludge, which is formed as a result of oil transportation and its storage in storage tanks of various designs. This is the type of sludge that will be considered in this paper.
Sludge in storage tanks forms as a result of physical and chemical interaction of petroleum products with moisture, mechanical impurities, oxygen and the material used for the shell wall of the storage tank. Numerous studies have shown that the hydrocarbon content in the sludge may range from 5% to 90%, water can range from 1% to 52% and solids from 0.8% to 86%. Therefore, the sludge density may have a very wide range. Its pour point can range from −3˚C to +80˚C and flash point can range from 35˚C to 120˚C [1] - [3] . Data in Figure  1(a) demonstrates the range of sludge density and viscosity for nine (9) storage tanks and the composition of the sludge in these tanks is presented in Figure 1(b) .
The sludge typically consists of several layers and some of the layers can contain a type of emulsion. For example, the top layer of sludge is watered petroleum containing about 5% of fine impurities and it is classified as emulsion "water in oil". The formation of this emulsion is because the watered petroleum is stabilized by natural stabilizers such as asphaltenes, waxes and resins. The top sludge layer is similar to the oil product in a storage tank. The second thin layer, so called "medium", is emulsion "oil in water" and this layer contains 1% -15% of mineral impurities and 70% -80% of water. The subsequent third layer is formed by supernatant saline water with a density of 1.101 -1.19 kg/m 3 . And finally the fourth bottom layer (bottom sludge) is a solid phase, which includes up to 45% of organic matter, 52% -88% of solid mechanical impurities and iron oxides. Bottom sludge is a hydrated mass which can contain up to 25% water in bound state. Graphically the sludge layers are presented in Figure 2 .
Note that the presented distribution of sludge layers is typical for storage tanks where oil has not been disturbed for a long period of time. In real situations where a tank is constantly in operation then the distribution of layers can be different and some of them can be absent or mixed with other layers. For example, for some tank designs the mineral water can be found under the solid sludge.
Types of Storage Tanks
The design of a storage tank for a particular fluid is typically chosen according to the flash-point of that substance. Generally in refineries and especially for liquid fuels, there are fixed roof tanks, and floating roof tanks. Fixed roof tanks are meant for liquids with very high flash points (e.g. fuel oil, water, bitumen etc.) cone roofs, dome roofs and umbrella roofs are usual. These are sometimes insulated and heated by steam coils within the tanks to prevent clogging. Floating roof tanks are broadly divided into external floating roof tanks (EFR Tanks) and internal floating roof types (IFR Tanks) (Figure 3(a) and Figure 3(b) ). IFR (Internal Floating Roof) tanks are used for liquids with low flash-points (e.g. ATF, MS, gasoline, and ethanol). These tanks are cone roof tanks with a floating roof inside which travels up and down along with the liquid level. This floating roof traps the vapor from low flash-point fuels. Floating roofs are mechanically supported with legs or cables on which they can rest in a maintenance position. EFR (External Floating Roof) tanks do not have a fixed roof (it is open to the ambient environment) and has a floating roof only. Medium flash point liquids such as naphtha, kerosene, diesel, crude oil etc. are stored in these tanks. 
Methods and Tools for Sludge Inspection
Currently there are four technologies that can provide sludge inspection and profiling:
1) Manual probing (weighted gauge tape); 2) Measuring density and viscosity versus depth; 3) Acoustic profiling; 4) Infrared thermography. The first three methods are contact technologies because they require immersion of a device into the oil. Infrared technology is a noncontact technology, because it is measuring the temperature gradient of the outside of the tank shell.
The first three technologies require the device to be inserted thru the roof of the tank and that these entry points are available in suitable quantity and locations for best results. This requirement cannot always be met by the tank roof design. Practically they can be used only for storage tanks with external floating roof (EFR tanks), some fixed roof (FR) and in very rare cases in IFR tanks. At the same time, infrared thermography has no restrictions in terms of the type of tank design. These are the main differences of the available technologies and the suitability of their use is determined.
Principles of Operation

Manual Probing
The manual probe presents a small cylindrical sinker fixed on metal tape ruler into the tank. During lowering into the oil the tape undergoes some tension and at the moment of contact with the bottom sludge the tension weakens. This moment is noted by the operator by measuring the length of the tape. Knowing the level of oil and the start point then the height of the sludge can be determined. These measurements are repeated in several entry points and with this data it is possible to use some method of approximation to build a 3D surface of sludge and to then calculate its volume. The simplicity of this method is obvious
Densitometer & Viscometer Probe
The application of this tool is the same-immersion into the oil thru a roof entry point. The device can log density and viscosity measurements of the tank product with high resolution and accuracy. The data stored in nonvolatile local memory and then can be processed. The main advantages of such a device is the ability to obtain detailed information about all the intermediate layers, and often about the type of bottom sludge, as it is the top layer that may have a slightly lower viscosity and density than the lower layer. This tool can detect all layers presented in Figure 2 .
Acoustic Profiler
The acoustic profiler is bathymetric multi-beam sonar for mapping of ocean bottom, adapted for use in crude oil. Typically in such profilers phased arrays used with active acoustic radiation elements made in the form of a Mill's cross, two-row interference arrays and two-dimensional matrix arrays [5] [6] . The main advantage of such acoustic profilers is the high accuracy of the measurement of the sludge surface, which is usually measured in hundreds of thousands of points and with high speed. For example, for light oil and a tank with a diameter of about 60 meters only one entry point is required. Note that installation time of such a profiler is 3 -5X more than the time required for data acquisition. As acoustic profiling is carried out in a closed steel volume the acoustic performance is significantly affected by reverberation in the tank. This is caused by various metal structures located in the tank including walls, internal tank temperature gradients which affect the speed of sound, and several other factors that can create different artifacts and distort data. The data post processing includes different custom post-processing algorithms to eliminate these unwanted effects.
Infrared Thermography Survey of Sludge
Thermography is a type of infrared imaging. Since infrared radiation is emitted by all objects according to the black body radiation law based on their temperature then thermography makes it possible to see some environments with or without visible light illumination. The amount of emitted radiation increases with temperature and thermography can image these temperature variations. Heat transfer occurs differently in gases, liquids and solids due to different thermal capacities and ways of heat transfer thru different materials [7] [8] . For example in water the temperature increase occurs much more slowly than in gas because water has a higher thermal capacity. Fluids and solids have often similar thermal capacities but different manner of heat transfer. Heat transfer in liquids occurs via convection and in solids-via conduction and at appropriate conditions it is possible to detect sludge levels. Let us consider the simplest tank design, and for simplicity let us suggest that water is absent ( Figure 5 ).
Oil and sludge have different coefficients of thermal conductivity, TC, because sludge can contain about 60% -70% of oil + sand + different impurities and so on. It is these additives that lead to a difference in thermal conductivity. For example, oil has TC oil = 0.14 W/mK 0 , but sludge which is in general the mixture of sand (TC sand = 0.03) and paraffin's (TC paraffin's = 0.11). Therefore the TC sludge will be less than TC oil . This difference is small but nevertheless it can be detected. Steel tanks walls have significantly higher thermal conductivity, TS steel = 65 -75 W/mK 0 . That means that the temperature gradient of the outside tank wall will be different depending on whether it is contacted by sludge or oil. If we make an infrared image of some part of the tank wall then we can see the different temperatures marked by different colors which characterize partial oil or sludge. Taking infrared pictures of the entire wall surface, we can thus determine the border between oil and sludge layers and estimate (measure) the height distribution of sludge near the walls of the tank.
Examples
Measurements of Sludge Based on Data of Density and Viscosity
ITS present below an example of sludge inspection based on density and viscosity data. ITS used a digital portable submersible density & viscosity meter (Figure 6 ), with some arrangements to deploy it into the tank thru an opening after removing a supporting leg on the EFR tank roof. The tank data is presented in Table 1 . The color key to Figure 6 is shown in Table 2 .
The intermediate layers between oil and sludge are reliably detected. A section view is presented in Figure 8 . The measured volume of sludge was V = 2026 m 3 . The sludge distribution is not uniform due to the flowing product from the inlet and outlet pipes. Table 2 . Key to 
Measuring of Sludge Based on Thermography Data
For infrared thermography ITS used the IR camera Fluke VT04A Visual IR Thermometer (Fluke Corporation, USA) with applied software Smart View 3.6. ITS have developed additional special software to process thermography images and a methodology for data acquisition. The main feature of this additional software is the selection of the proper range to the tank wall, software to process IR images to detect weak borders in the images with poor color contrast, extraction of this border with automatic estimation of heights, elimination of parallax of images due to the curvature of the tank walls, elimination of large-scale errors and the unification of all individual images into a single image, located along the perimeter of the tank. The last procedure is the approximation of the 3D sludge surface and calculation of the sludge volume. One example of a processed infrared image is presented in Figure 9 .
Some images of measured sludge heights and the result of approximation of the 3D sludge surface are presented in Figure 10 .
Due to high sensitivity of thermography intermediate layers can be reliably detected. Initial infrared image of the part of wall tank is presented in Figure 11 .
Next, Figure 12 demonstrates an arrangement of all detected layers near walls for two tanks with diameter 30 meters.
Reconstructed 3D images of all layers for two tanks (D = 30 meters) are presented in Figure 13 .
Acoustic Profiling of Sludge
Peculiarities of Acoustic profiling of sludge one can find in our paper [6] .
Accuracy of Sludge Measurements
Evaluation of the accuracy of measured sludge volume and its 3D surface is rather complicated problem that is 
Accuracy of Acoustic Profiling
General principle of acoustic profiling is presented in Figure 14 . Beamforming scheme of profiler creates afan of horizontal beams and usually one steering vertical beam. Let's consider one illuminated area (read spot) and from this area we got the reflected signal. The square of illuminated area depends on directivity of horizontal and vertical beams. The inclination distance R 1 is easy to estimate, because after processing we know time delay τ 1 of reflecting signal. 
Acting similarly for all scanning horizontal and vertical angles we define all heights of a surface h(x, y). The result of such measurements is the cloud of points h(x, y) which describes the sludge surface in a discrete form. The form of one point can be conditionally presented as "rod, which volume is equal to ( )
Total volume of sludge will be the sum of (3) 1
Many manufacturers of acoustic profiling tools say that the error of estimated sludge volume is no more that ±5%. However, it has never been reported in what conditions, this accuracy is observed. If this value "±5%" is a hardware accuracy it means that the tool has very modest performance. Certainly manufacturers understand this and they announce stated error ±5% as some average operation value. But the real accuracy of acoustic profiling in closed reverberation areas as crude oil tanks is a very complex subject and it requires a special investigation.
Let us present some examples to illustrate only part of this problem. In this case, we assume that the hardware accuracy of profiler is very high; in other words, the arrays have very narrow beams, low level of side-field, transmit level is sufficient to provide high input signal/noise ratio and other features that characterize the high quality of such an acoustic bathymetry tool. Let us take an EFR tank with diameter D = 50 m with crude oil which level is H oil = 10 m. So the volume of crude is V cr = πR 2 H oil = 3.14 * 252 * 10 = 19625 m 3 . Now let us propose that acoustic profiling with ±5% accuracy estimated sludge volume about V sl = 1000 m 3 ± 50 m 3 . An acoustic profiler cannot measure the thickness of intermediate sludge layers which are always present in crude. Let us take its thickness as 10 cm (Figure 7) . This layer thickness of 10 cm means an additional sludge volume V add = 3.14 * 625 * 0.1 = 196 m 3 (!). Therefore the real accuracy of acoustic profiling will range from 14.6% up to 24.5% (!) or 3 -5X worse. Therefore, the stated accuracy ±5% of the acoustic profiling should be treated with caution.
Another case is related to sound speed in crude. The accurate value of sound speed determines all inclination ranges to the points of the reflected probe signal and therefore the local heights of sludge. It is possible to say that knowledge of correct sound speed is a determining factor for accuracy. Sound speed can be measured in different ways: by reflection of the probe pulse from the tank wall or bottom or by using a special HF sound speed meter. Generally the error of speed of sound determines the error of measured sludge volume.
If we measure sound speed with an error ±5% the error of measured volume will be the same. Formula for sound speed in crude can be written as 
Because density of oil is known with a very high accuracy the errors of sound speed play major role. The problem arises when sound speed profile can be not uniform on the depth of tank which is sometimes typical for large tanks located in geographic areas with sharp fluctuations in day and night temperatures. Below there is one of such example of measured temperature in oil tank with API = 36 on different depths and calculated sound speed (Figure 15) . The presented temperature distribution will inevitably create refraction of sound rays, which lead to two main effects. Firstly the shape of the sludge surface will be distorted because its reflecting points will not be visible in those locations where they actually exist. Secondly, errors in vertical angle of steering relative to the tank bottom will give errors in measured heights and result in significant errors of estimated volume. For a given sound profile for example, the errors of heights can range from 5 cm up to 65 cm depending on the angle of vertical steering. The use of acoustic profiling should be accompanied by measurements of the vertical temperature profile, especially for large diameter tanks. In the presence of significant refraction of sound rays the software for surface and volume calculations should include calculations of the beam paths for the introduction of appropriate corrections
Accuracy of Contact Point Measurements of Density & Viscosity
Modelling
It is understood that the accuracy of contact measurement directly depends on the number of possible entry points. And for general cases, this statement is true. However, the use of a large number of entries is always limited for various reasons. Therefore it is of interest to understand what number of entries we need to obtain a predetermined error of sludge volume and real shape of its surface. As a rule the sludge surface has a random character so it is best to characterize the shape of the surface with statistical parameters and in particular by spatial correlation radius of irregular heights, Rh. First of all let us consider some results of modelling. We have selected a tank with diameter 50 meters and 52 supporting legs, see 
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Initial sludge distribution in the tank was defined randomly with the following law:
Here, h min is the minimal sludge level, Δh is the sludge level deviation amplitude, rnd-random number between 0 and 1 for each position x, y. In order to obtain different types of sludge (smooth or "rough", low or high level etc.) different model parameters h min , Δh and the correlation of the h(x, y) distribution defined as R cor were chosen. True volume of sludge was calculated as The next data contain simulation results for an incomplete set of measurement points. Cases with 5, 10 and 15 missing leg points (of 52) were investigated for 3 basic distribution models ("regular", "low-level" and "highlevel") with 5 interpolation models (triangular linear, nearest, Gaussian RBF, multiquadric RBF, thin plate RBF). 
Experimental Results
The EFR tank had more than 52 supporting legs, but only 31 legs were available and their arrangement is presented in Figure 21 .  tank diameter 65900 mm;  tank bottom details: cone up, center height 275 mm;  level of oil 14050 mm. These are some results from the processing of data for the tank in Figure 22 . All measurements were made with a digital Density & Viscosity Meter.
The final results are presented in Table 3 .
The comparison of simulated data and experimental data is presented in Figure 23 .
We can see that the experimental data is in very good agreement with the theoretical curve. This high degree of correlation supports the validity of the mathematical method. The theoretical relationship can be used for pre-planning of the contact measurement method of sludge in any crude oil tanks with a sufficient number of entry points. To obtain the value of the error of the sludge volume in the range of 8% -10% the required number of entry points should be no more than 20 -25.
Accuracy of Thermography Imaging of Sludge Distribution
Physical data obtained by IR camera corresponds to the distribution of sludge heights along the tank walls but with no information about the inner tank sludge data points. Therefore, we can use only the tank wall data for further processing. The initial conclusion is that this method will have the worst accuracy in comparison with the other discussed methods. However, such a conclusion is quite hasty and not quite accurate. Remember, that when applying contact measurements at different entry points the 20 readings were sufficient to get an accuracy of about 12% -15% for the sludge volume. Using an IR camera we can get a significantly higher number of readings and a practically arbitrary amount of them, this is the first point. The second point is a random sludge distribution which is rather uniform in the average if tank mixers are not used. That means that from statistical point of view the statistical parameters of sludge heights inside the tank should be similar to the statistical parameters of height distribution along the wall. Therefore if the radius of space correlation of sludge irregularities is rather small it can be argued with a high level of probability that the statistics of sludge heights inside the tank will be similar to the statistics of sludge heights near the walls. In this case, we certainly cannot reproduce the true surface of sludge dirt, but the error of its volume can be significantly reduced.
Modelling
For simulation we used the same methodology described in Section 7.2.1, excluded all data inside the tank, and used only the values of "walls" heights (Figure 24) . We simulated three types of sludge surface: "low-level" distribution with average level of 0.8 m with deviation ±0.3 m, "Regular" distribution with average level of 2.5 m with deviation ±0.5 and sludge surface formed with a mixer stream. For each type of sludge the surface was generated 30 times. The results are presented in Figures 25-27 .
In the case of infrared sludge profile registration both profile reconstruction and volume estimation can be accomplished but with rather high errors (25% -40%). It can be seen from Tables 1-3 that the estimated values of sludge volume are underestimated for all considered cases. For cleaning purposes it leads to a simple correction algorithm: estimated values based on IR data should be increased by 30% -35% depending on the sludge profile uniformity obtained on the IR images. Note that there is another way of decreasing an error of volume based on IR data which will be described later in the next article. 
Discussion: Advantages and Disadvantages of Different Methods of Sludge Estimation
The use of the discussed methods for estimating sludge volume depends on several factors. In the table below we have tried to consider all the pros and cons of the considered methods both in terms of their technical and operational features, leaving the choice of method to the user. Technical factors as shown in Table 4 include hardware accuracy of the instrument, its complexity, reliability and weight. The ranges of operational requirements are much wider as shown in Table 5 . These include the type of oil storage tank, available number of entry points, ability to work in all types of oil, the time of installation of the device and the time of inspection, presence of operators on the roof of the tank, and the number of such personnel, the ability to detect the intermediate layers and the need to stop the tank operations during the inspection.
Conclusions
This research shows that there is no single universal method for estimating the volume of sludge and its spatial distribution that combines the highest accuracy and the ability to be performed on any tank.
Acoustic profiling typically allows estimation of the distributed sludge surface with a high accuracy for tanks with external floating roofs. However, the accuracy of the surface and its volume requires additional information and rather complex post-processing. This situation is analogous to ocean floor acoustic bathymetry, where the raw data are received fast enough, but the construction of a true bottom image requires rather lengthy processing of the primary raw data. A significant limitation of the acoustic profiling techniques is the inability to use them in oil with high viscosity, i.e. in the heavy and extra-heavy oil. Using contact devices that directly measure the density and viscosity of the product in the tanks gives the most information since they can detect all the layers, including water. However, to generate a surface, it is only possible in tanks with external floating roofs with a sufficient number of entry points.
Infrared thermography is the most convenient and expedient method of inspection for oil storage tanks, and most importantly, this is a noncontact method. Although it is less accurate than the contact methods, it can be used for tanks of any types, and for all types of petroleum or its products. From this point of view, the thermography method is the most flexible and convenient. This means that it can easily be included as part of a refinery monitoring plan for sludge accumulation in tanks.
Various types of oil storage tanks are located in all refineries. Therefore, the most comprehensive solution is to use the three considered methods where applicable.
